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I. Methods
Materials
Single-crystalline, Czochralski grown, (111)-oriented, planar, 380 μm thick, phosphorus doped, 1.1 Ω-cm resistivity (doping density, N D ≈ 5x10 15 cm -3 ) single-side polished n-type silicon wafers were obtained from University Wafer, Inc. Single-crystalline, (100)-oriented, planar, 380
μm thick, boron doped, 1-10 Ω-cm resistivity single-side polished p-type silicon wafers with 300 nm thermal oxide (SiO 2 on Si substrate) were also obtained from University Wafer, Inc. Silicon wafers with an np + homojunction (np + -Si) was fabricated using a previously reported procedure (Yang et . al) via room temperature ion implantation on n-Si at a 7° incident angle using 11 B accelerated to 45 keV with a dose of 1×10 14 cm -2 , and then at 32 keV with a dose of 5×10 14 cm -2 . 1 The back sides of the wafers were implanted with 31 P at 140 keV with a dose of 1×10 14 cm -2 , and then at 75 keV with a dose of 5×10 14 cm -2 in order to reduce contact resistance. Dopant activation, both for the junction p + layer and the back-surface field (BSF) n + layer, was achieved via rapid thermal annealing at 1000 °C for 15 s under a flow of N 2 (g).
Water was obtained from a Barnstead Nanopure system and had a resistivity ≥ 18.0 MΩ- for 2h at 350 °C, leaving an F-Gr/Si stack. 3 Gr/Si stacks were prepared by nominally identical procedures using pristine graphene. Generally, 5-10 electrodes were made at the same time from the same PMMA/F-Gr/Cu or PMMA/Gr/Cu stack, respectively.
N-Si/F-Gr electrodes were fabricated using Ga:In (75:25) eutectic as an ohmic back contact. The wafers were attached to a Cu wire with Ag paint (high purity, SPI Supplies). All
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surfaces except the F-Gr layer were covered with insulating epoxy (Loctite Hysol 9460).
Monolayer graphene-covered Si(111) electrodes were fabricated using an analogous procedure in which all of the above steps were executed with the exception that the graphene was not exposed to the XeF 2 (g). CH 3 -terminated Si(111) wafers were prepared using a previously reported procedure and were not etched with HF prior to use in electrode fabrication. 4 Graphene-free, hydride terminated Si (111) Raman spectra were collected with a Renishaw Raman microscope at λ=532 nm through an objective with numerical aperture=0.75. The laser power was ~ 3 mW.
UV/Vis transmission spectra were collected with a Cary 5000 absorption spectrometer equipped with an external DRA 1800 attachment. The data were automatically zero/baseline corrected by the instrument before any additional processing was performed.
Scanning electron microscope (SEM) images were obtained using a FEI Nova NanoSEM 450 at an accelerating voltage of 10.00 kV with a working distance of 5 mm and an in-lens secondary electron detector. Savitzky-Golay algorithm via data analysis software (Igor Pro 6). Normalized current density was calculated by multiplying the ratio of the light intensity at a time point of interest to the light intensity at t=0 s by the original current density and dividing the resulting value by the current density measured at the time point of interest.
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The current density versus potential data in HBr(aq) were measured using a three- 
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Comparison of graphene-imparted stability between graphene and fluorinated graphene electrodes
The photoelectrochemical stability of pristine graphene-coated n-Si electrodes and of fluorinated graphene-coated electrodes was tested by collecting J-t data for n-Si/Gr and n-Si/FGr electrodes from four different electrode 'batches' (two Gr/n-Si and two F-Gr/Gr batches) in contact with aqueous 50 mM Fe(CN) 6 3--350 mM Fe(CN) 6 4-under ~33 mW cm -2 of ENH-type W-halogen illumination ( Figure S2 ). These batches of electrodes each mutually consisted of 5-6 electrodes in which each electrode was fabricated from the same section of a larger sheet of Gr or F-Gr, respectively. However, between batches of electrodes, different PMMA/(F-)Gr/Cu stacks or different regions of the same stack were used. The n-Si/Gr from the first graphene electrode batch (batch Gr_A) exhibited stable current densities for > 1000 s ( Figure S2A ).
Among these electrodes fabricated, all five electrodes were photoelectrochemically stable (5/5 stable, where stability was defined as having a current density at t=1000 s of at least 60% of the current density displayed at t=0 s. This definition was used because some graphene-covered (and F-Gr covered) electrodes displayed an initial decay of current density followed by a subsequent stabilization, as seen in Figure S3 . This behavior is consistent with the hypothesis that any pinholes in the graphene protective coating led to the oxidation at the exposed Si surface, but that stability is observed when the exposed Si is passivated with SiO x . However, the other batch (batch Gr_C, Figure S2C ) yielded only two n-Si/Gr electrodes out of six that exhibited stable current densities for > 1000 s (2/6 stable). The inconsistent behavior in the photoelectrochemical stability imparted by pristine graphene coatings on n-Si electrode was observed over many iterations of graphene growth and electrode fabrication. Conversely, both batches of F-Gr coated n-Si electrodes (batch F-Gr_B, Figure S2B and batch F-Gr_D, Figure S2D ) yielded n-Si/F-Gr We also explored the extended stability behavior of the Gr-coated n-Si electrodes as compared to F-Gr-coated n-Si electrodes. Figure S4 depicts the J-t behavior of the most stable nSi/F-Gr and n-Si/Gr electrodes. After both starting at an initial current density of ~10 mA cm -2 , the n-Si/F-Gr electrode current density decayed to 9.5 mA cm -2 , whereas the n-Si/Gr electrode decayed to 8 mA cm -2 . The fluorinated graphene-coated electrode was more stable, but the S15 pristine graphene coated electrode also exhibited stability, particularly between t=20,000 s and t=80,000 s. In conjunction with the data depicted in Figure S2 , under ideal conditions for extended (100,000 s) time periods, these observations suggest that pristine graphene may be able to provide to n-Si electrodes the same level of stability as that provided by F-Gr coatings.
However, some difficult-to-control variable in the growth or transfer of graphene limits the routine observation of such extended stability. This hypothesis is consistent with the supposition that grain boundaries and defect sites on the graphene coatings lead to the observed degradation, and that fluorination of such sites passivates them to further loss of integrity. Hence, the inconsistency seen in the graphene electrode stability data can be ascribed to the relative preponderance or dearth of defect sites present on an electrode surface, with fluorination greatly decreasing the effect that such sites have on the photoelectrochemical stability of such systems.
Future work involving the targeted study of single crystal graphene sheets or single grains in a polycrystalline graphene sheet are underway to further examine this hypothesis. Figure S4 . J-t data of the 'champion' n-Si/F-Gr and n-Si/Gr electrodes in contact with aqueous 50 mM Fe(CN) 6 3--350 mM Fe(CN) 6 4-under ~33 mW cm -2 of W-halogen illumination. After both starting at an initial current density of ~10 mA cm -2 , the n-Si/F-Gr electrode current density decayed to 9.5 mA cm -2 compared to the n-Si/Gr electrode which decayed to 8 mA cm -2 . 
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Stability of fluorinated graphene-covered n-Si electrodes under high light intensity conditions
Fluorinated graphene-coated and pristine graphene-coated n-Si electrodes were tested for photoelectrochemical stability under approximately 1 sun conditions (~100 mW cm -2 from an ENH-type W-halogen lamp). Figure S5 depicts the photoelectrochemical stability over 1000 s for n-Si/Gr and n-Si/F-Gr electrodes in contact with aqueous 50 mM Fe(CN) 6 3--350 mM Fe(CN) 6 4-under ~100 mW cm -2 of W-halogen illumination. The current density of the n-Si/F-Gr electrode was effectively constant over this time period, whereas the current density of the nSi/Gr electrode decayed from ~25 mA cm -2 to less than 7 mA cm -2 over the same time period.
This behavior supports the hypothesis that under these conditions fluorinated graphene provides a superior protective layer relative to pristine graphene. Figure S6 . J-t data for n-Si/F-Gr electrodes in contact with aqueous 50 mM Fe(CN) 6 3--350 mM Fe(CN) 6 4-under ~100 mW cm -2 of W-halogen illumination over 100,000 s. and neutral (deioninzed water) conditions. Arrows indicate points of reference for the corresponding before and after images.
S22
The stability of the fluorinated graphene was tested under acidic, neutral, and alkaline aqueous solutions, respectively. To insure that the same area was examined before and after testing, a small area on the graphene wafer was outlined with Hysol 9460 epoxy. Optical images along with Raman spectra were acquired, and wafers were then placed for 1 h in aqueous solutions at pH 0, pH 7, and pH 14. After carefully rinsing the samples with >18 MΩ-cm H 2 O and drying the samples with a stream of N 2 (g), optical images along with Raman spectra were obtained from the same areas as before testing. The Raman spectra and optical images of the samples soaked in acidic and neutral solutions showed no change after testing ( Figure S8-S9 ).
The samples tested in alkaline solutions showed a marked decrease in defect density of the remaining sections of fluorinated graphene, closely mimicking the profile of pristine graphene. interrogation of the sample surface to a depth at which both Si and Pt ware observable by XPS.
Methylated Si surfaces were used to inhibit the formation of Si oxide at the Si/Pt interface during sample fabrication, because Si oxide of sufficient thickness is also capable of preventing silicide formation. 7 Figure S11a shows the XP spectrum of a pure Pt phase. A thicker Pt layer (20 nm) was used to interrogate only the pure Pt phase. Figure S11b shows the Pt 4f XP spectrum of CH 3 -terminated Si with a 3 nm Pt overlayer. The Pt 4f peak shifted to higher binding energy, indicative of platinum silicide formation. 6 The shoulder of the peaks at low binding energy is consistent with a pure Pt phase overlayer. Conversely, 3 nm of Pt on F-Gr covered silicon showed essentially no change in the Pt 4f binding energy immediately after fabrication ( Figure   S11c or after a 1 h anneal under forming gas at 300 °C ( Figure S11d ). The data are thus indicative of little or no platinum silicide formation. Figure S11e presents an overlay of the spectra in Figure S11a -S11d and highlights the difference between the Pt 4f peak positions.
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N-Si/F-Gr nonaqueous photoelectrochemistry Table S1 . E oc values for n-Si/Gr and n-Si/F-Gr electrodes in contact with non-aqueous redox couples under ~33 mW cm -2 of ENH-type W-halogen illumination. The Nernstian potential,
, of the contacting non-aqueous electrolytes were measured as follows: the J-t behavior at an initial current density of 10 mA cm -2 over the specified time period (see Figure 3 ). The behavior of the n-Si/F-Gr/Pt electrode improved over 2400 s, with improvements in E oc (0.27 V to 0.37 V), J SC (9.0 mA to 9.5 mA), and ff (0.51 to 0.59), resulting in an increase in the ideal regenerative cell conversion efficiency from 3.5% to >5%.
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XPS analysis of silicon oxide thickness
XPS analysis was performed in order to determine the effect of electrochemical oxidation at the Si-Me surface on the oxidation state of the Si photoanode surface (Figure 2 ). Silicon oxide detected before and after electrochemical oxidation was quantified using a simple substrateoverlayer model described by equation 1:
where d is the overlayer thickness, λ ov is the attenuation factor through the oxide overlayer (assumed to be 2.6 nm) 9 , the angle from the surface of the sample to the detector (90°),
! is an instrument normalization factor related to the expected signal for a pure Si and a pure and assuming that the carbon density is the same as that of a single hexagonal unit, the total number of defect carbon atoms at grain boundary line defects is ~10 5 C atoms per 1 cm 2 area of graphene. Thus (10 5 /10 15 ), i.e., 1 defective carbon atom is present for every 10
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atoms in the polycrystalline graphene sheet. This ratio is significantly smaller than the ratio of F atoms to C atoms found via XPS analysis (10 > F/C > 0.01. In conjunction with the expectation that the defect sites on a graphene sheet are significantly more reactive than the pristine carbon sites, this XPS F/C ratio suggests that most or all of the defect carbon atoms are capped with fluorine. Further studies using electron microscopy methods are underway to confirm this hypothesis.
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SEM of Pt electrodeposition on n-Si/F-Gr surfaces
Assuming 100% faradaic yield for charge transfer to platinum during the photoelectrochemical deposition of Pt from an aqueous solution of 5 mM K 2 PtCl 4 and 200 mM LiCl, in conjunction with 2 e-per Pt atom deposited, and a conformal deposition, a charge density of -100 mC cm -2 should result in the deposition of a ~50 nm thick of Pt layer on the nSi/F-Gr electrodes. SEM images were obtained on n-Si/F-Gr surfaces before photoelectrochemical deposition and after 10 mC cm -2 or 100 mC cm -2 of cathodic charge density was passed during electrodeposition (Figure S14-S16). Figure S15 indicates that the Pt deposited stochastically across the F-Gr surface, in contrast to previous reports of metal deposition via other methods on graphene, which produced preferential metal deposition at grain boundaries. 12 This difference in behavior may be due to passivation of highly reactive grain boundary sites by the XeF 2 treatment. The incomplete electrochemical stability observed in Figure 3 for the n-Si-H/Pt electrode may be related to imperfect conformal deposition, consistent with the observations of Figure S16 . 
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